Tectonophysics is an international medium for the publication of original studies and comprehensive reviews in the field of geotectonics and the geology and physics of the earth's crust and interior. The editors will endeavour to maintain a high scientific level and i1 is hoped that with its international coverage the journal will contribute to the sound development of this field.
A few contain fragmented and disrupted, coarse-grained, polymictic clastic matrix breccia dikes. This is an indication that at least some of these monomictic breccias formed late in the impact process and that they are probably related to a late crater modification stage. A small number of relatively large occurrences of glass-poor, suevitic breccias occur at the flanks of the central uplift and along the inner flank of the outer ring of the Slate Islands complex crater.
A coarse, glass-free, allogenic breccia, containing shatter-coned fragments derived from Proterozoic target rocks (upper target strata), observed at two locations may be analogous to the 'Bunte Breccia' of the Ries crater in Germany. At one of these locations, this breccia lies close to a crater suevite deposit. At the other, it overlies parautochthonous, monomictic breccia. The Slate Islands impact breccias are superbly exposed, much better than breccias in most other terrestrial impact structures. Observations, including those indicative of multiple and sequential processes, provide insight on how impact breccias form and how they relate to the various phases of the impact process, Eventually they will lead to an improved
Introduction
The Slate Islands impact structure is located in northern Lake Superior, "-,10 km south of Terrace Bay, Ontario, Canada (Fig. ! ) . Various types of breccias, shatter cones, and rocks with microscopic shock metamorphic features are present on the islands and provide convincing evidence that the structure was formed as the result of comet or asteroid impact (e.g. Halls and Grieve, 1976; Grieve and Robertson, 1976; Grieve et al., 1995; cf. Sage, 1978 cf. Sage, , 1991 .
A large portion of the island group comprising two large and several small islands appears to represent the partially eroded central uplift of a complex impact crater. Bathymetric information obtained from around the islands group roughly outlines the shape of a complex impact crater, originally _30-32 km in diameter (Halls and Grieve, 1976; Dressier et al., 1995; Sharpton and Dressier, 1996; Sharpton et al., 1996a) . The structure has been selected for an in-depth investigation of the various rock units and target rock deformations related to impact. Erosion on the islands and large, wave-battered shore exposures provide excellent two-and three-dimensional views of lithoiogical and structural elements of the central uplift of a complex impact structure.
We know of no terrestrial impact structure of comparable size with equal or better exposures of rocks of the central part of the structure.
A wide variety of breccia types are known to occur at terrestrial impact structures and they have been described in considerable detail. Htittner (1969) and Engelhardt and Graup (1984) , for example, reported on breccias of the Ries impact structure in Germany, whereas Dressier (1984) and Muir and Peredery (1984) described breccias of the Sudbury structure in Ontario. Lambert (1981) , Bischoff and Oskierski (1987) , SttJffler et al. (1988) , Redeker and Strffler (1988) , Martini (1991) , Reimold (1995) and Sharpton et al. (1996b) Here, we present the results of this study and relate the observed breccia types to the various stages of the impact process as presently understood, namely the compression, excavation and central uplift and crater modification phases. We are, however, aware that the customary step-by-step depiction of the impact process is a convenient simplification only. Our approach and some of our results are similar to those of Lambert (1981) and Bischoff and Oskierski (1987) , who also attempted to relate various breccia types to specific impact phases. (Preuss and Schmidt-Kaler, 1969; Engelhardt, 1990 and references therein), the Manicouagan structure (Murtaugh, 1975 (Murtaugh, , 1976 Dressier, 1970 Dressier, , 1990 Floran et al., 1978) , and the Puchezh-Katunki, Popigai, and Kara structures in Russia (Masaitis et al., 1994) . Fig. 2 et al., 1993) . The other two multi-ring basin structures are both strongly eroded. They are the Vredefort structure in South Africa (2024 4-3 Ma, Kamo et al., 1995 _250 km diameter, Therriault et al., 1993 _250 km diameter, Therriault et al., , 1995 Henkel and Reimold, 1966; S. Kamo, pers. commun., 1966) and the deformed Sudbury structure in Ontario, Canada (I.85 Ga; > 190 km in diameter; Peredery and Morrison, 1984; Dressler et al., 1987; Grieve et al., 1991; Deutsch et al., 1995 Engelhardt and Bertsch (1969 ), Strffler (1971a ,b, 1974 , 1984 ), strffler and Langenhorst (1994 ), and Grieve et al. (1996 . Dressier et al. (1995) . The shock features are seen in target rocks and in breccia components. Impact glasses and melt rocks have also been observed (Dressier et al., 1994 (Dressier et al., , 1995 In the following we describe the various breccia types found at the Slate Islands impact structure.
General geology and age of the Slate
We are able to demonstrate that not all breccias at the structure formed simultaneously, that there is a sequential order to breccia formation, and that it is possible to assign specific breccia types to the various stages of the impact process. Attempts to this effect have been made at other impact structures, for example by Lambert ( 1981 ) , Bischoff and Oskierski (1987), and StOffler et al. (1988) .
Petrology of Slate Islands impact breccias
Several types of breccias similar to those described from other terrestrial impact structures have been observed at the Slate Islands structure:
(1) pseudotachylite I veins and small dikes similar to pseudotachylites at the Vredefort structure in South Africa (Shand, 1916; Martini, 1991; Reimold, 1995;  Reimold and Colliston, 1994 and references therein), the Sudbury structure in Ontario, Canada (Fairbairn and Robson, 1942; Speers, 1957; Dressier, 1984; Miiller-Mohr, 1992; Thompson and Spray, 1994; Spray and Thompson, 1995 and references therein), the Manicouagan structure, Quebec, Canada (Dressier, 1970 (Dressier, , 1990 Murtaugh, 1975 Murtaugh, , 1976 , and other impact structures (Reimold, 1995) ; (2) t 'Pseudotachylite' is used here as a strictly descriptive term for tachylite-like, dark grey or black, aphanitic inclusion-bearing veins and irregularly shaped bodies that may have glassy, fine-grained, igneous or clastic matrices. 275 (1997) kierski, 1987) , the Ries structure in Germany (Strftier, 1977; Strffler et al., 1988) and the Charlevoix structure in Quebec (Rondot, 1995) , to name just a few; (3) monomictic, parautochthonous breccias are similar to those observed, for example, at the Manicouagan structure (Dressier, 1970; Murtaugh, 1975 Murtaugh, , 1976 and several other Canadian structures (Dence, 1968) . Allogenic, fallback breccias are not very common at Slate Islands. However, they probably form extensive deposits around the island group beneath the waters of Lake Superior.
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Breccias in the target rocks
The Slate Islands are believed to represent the central uplift (Halls and Grieve, 1976) and part of an annular ring of a complex impact crater (Sharpton and Dressier, 1996) . The complex and heterogeneous target rocks are characterized by strong brecciation. The degree to which the various target rocks are brecciated varies considerably from one place to the other within the island group, but we estimate that, in total, breccias make up _15 to 25% of the rocks that underlie the islands.
Pseudotachylites
The term 'pseudotachylite' was introduced by Shand (1916) In other impact structures, the composition of the pseudotachylites more or less reflects the composition of the host rock suggesting an in-situ origin (Dressier, 1984 and references therein). We assume that they are also present in the parautochthonous target rocks beyond the excavation cavity, away from the central uplift, but they are probably not very common there. The breccias contain a wide variety of clasts (Fig. 6 ) that are angular to rounded in shape and range in size from less than a millimeter to several meters. They are set in a matrix that is considerably coarser than the matrices of typ- We have also noted, in clastic matrix breccias, fragments of pseudotachylite, rock fragments cut by pseudotachylite (Fig. 7) , compound breccia fragments (Fig. 8) , and shatter-coned fragments. Breccia bodies are commonly unsorted, but we have noted crudely laminated breccia dikes (Fig. 4) 
Polymictic clastic matrix breccias
Allogenic breccia deposits
Previously, the whole island group was interpreted to represent the strongly eroded remnant of the cen- (Fig. 1) . Polymictic clastic matrix breccia dikes that contain very minor amounts of altered glass are more common than allogenic suevite and are not classified as 'suevite' here. At the Sunday Harbour, about 8 to 10 m high, suevite occurrence ( Fig. 13) , chlorite is the alteration product in the lower portion of the occurrence, whereas smectite ( Fig. 14) replaced the glasses higher up. Quartz fragments and quartz in rock clasts exhibit up to five sets of planar deformation features. The matrix of the suevite is made up by very fine-grained mineral and glass fragments, commonly too fine grained for light-microscopic identification.
In Table 2 we list the modal compo- 
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Bunte breccia
Close to the suevite exposure in Sunday Harbour, at the same elevation above the level of Lake Superior, is an outcrop of a breccia consisting of a few large blocks of light grayish-buff, shatter-coned siltstone and pinkish sandstone. The siltstone blocks are up to >5 m in size, the sandstone blocks reach only about 1 m in diameter (Fig. 12) In the following the various breccia types described above are related to the impact process as presently understood.
_. 1. Compression staee
Upon asteroid or comet impact, the initial, compressional shock wave forces target rocks into down- Assuming that our assignment of the pseudotachylite veinlets and dikes to the compression stage of the impact process is correct, the formation of these pseudotachylite veins is a very rapid process.
Careful examination of microscopic features, however, reveals that even this rapid process is not 'instantaneous' and simple, but surprisingly very complex. As we have shown (Fig. 5) , 'three phases' of pseudotachylite have been observed. Furthermore, we have shown that the interior of the third phase was still liquid during the formation of the clastic matrix breccia which locally makes up the host of the pseudotachylite. The margins of the third phase were already vitrified while its interior was still liquid to allow tiny apophyses of the third phase to cut across vitrified rims and intrude the clastic breccia.
In one portion of the sample described here, however, the third pseudotachylite phase had vitrified prior to the formation of the clastic matrix breccia as it forms angular fragments within this clastic breccia. Surprisingly, our petrographic observation suggests also that the formation of the clastic matrix breccia in excavation, uplift and crater modification probably provided the impetus for the intrusive pulses off the reservoir vein as described above. Our observations suggest that pseudotachylite formation is a complex process and that it was rapidly followed by the generation of clastic matrix breccia, so rapidly that parts of the pseudotachylite described above had not vitrified prior to the formation of the clastic matrix breccia. Our study also shows that not only impact-induced and/or frictional melting but also the subsequent vitrification is a very rapid process.
We have also observed _2 cm wide pseudotachylite veins cut by about 10 to 15 cm wide polymictic clastic matrix breccia dikes (Fig. 3 ) and polymictic clastic matrix breccias intruding where pseudotachylite was formed earlier, incorporating clasts of the disrupted pseudotachylite (Fig. 4) . Pseudotachylite-bearing clasts are present in polymictic clastic matrix breccias (Fig. 7) . All these observa- (Carstens, 1975 : Bischoff and StOftier, 1981 , 1984 (Speers, 1957; Murtaugh, 1975 Murtaugh, , 1976 Dressier, 1984; Reimold, 1991) where the chemical composition of the pseudotachylite reflects the composition of their host rocks.
We believe that shatter cones form early, in the compressional stage of the impact process. This interpretation is based on our observations of shatterconed clasts in allogenic breccias and in polymictic clastic matrix breccia dikes. We assign these breccias to the excavation and central uplift stages of the impact process, as described in the following. (Dressier, 1970; Murtaugh, 1975 Murtaugh, , 1976 (Dressier, 1970 (Dressier, , 1990 the Slate Islands complex impact structure (Sharpton and Dressier, 1996) . Fig. 15 . All these observations provide evidence that relatively warm fluids were percolating within the breccias, be they in dike form or be they fall-back deposits.
Excavation and central uplift
Crater modification
Conclusions
We have described a variety of polymictic and monomictic breccias from the Slate Islands impact structure and related them to the various stages of the impact process. The distribution of the various breccia types is schematically shown in Fig. 16 . 
